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Summary

Topologically close packed (TCP) phase instability in third generation Ni-base superalloys is understood to

hinder component performance when used in high-temperature jet engine applications. The detrimental effects on

high temperature performance from these brittle phases includes weakening of the Ni-rich matrix through the deple-

tion of potent solid solution strengthening elements. Thirty-tour compositional variations of polycrystalline Ren6 N6

were defined from a design-of-experiments approach and then cast, homogenized, and finally aged to promote TCP

formation. Our prior work reported on the results of the multiple regression modeling of these alloys in order to pre-
dict the volume fraction of TCP. This paper will present further regression modeling results on these alloys in order

to predict the occurrence of TCP in third generation Ni-base superalloy microstructures. Kinetic results are also
discussed.

Introduction

The development of Ni-base superalloys continues to be an area of interest for high temperature engine applica-

tion. These alloys are being studied because they exhibit good properties at elevated temperatures. However, their

high refractory metal content creates difficulties in alloy development because although they contribute significantly

to high temperature strength, they also promote microstructural instability. The occurrence of brittle, intermetallic

topologically close-packed (TCP) phases that is typical of third generation superalloy compositions has a detrimen-

tal effect on the alloy at probable service conditions.
The goal of this work is to broaden the understanding of the presence of TCP phase formation in the microstruc-

tures of third generation Ni-base superalloys. The effect of chemistry on the occurrence of TCP phases in Ni-base

superalloys has been widely reported (ref. 1) and several predictive methodologies such as PHACOMP (ref. 2) and

the d-electron theory (ref. 3) have been used as guides fi)r alloy design. Several of the assumptions associated with

these techniques, however, are not accurate with respect to the actual partitioning of elements between phases in

the microstructure. These alloys are very complex and detailed experimental observations of the chemical effect
on microstructure are useful in order to understand the formation of TCP phases. This work uses an alternative

approach of statistical design of experiments to determine the propensity of individual elements for contributing

to the precipitation of TCP. The resultant models should also be a good predictor of TCP occurrence in alloys that

fall within the experimental design space.
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Approach

A series of experimental superalloys with compositions containing Ni-Co-A1-Cr-Mo-W-Re-Ta were chosen

based on Ren6 N6 because it is typical of third generation alloys (ref. 4). Third generation superalloys are used

in single crystal form in turbine blade applications. However, to simplify production and the microstructures, the

alloys in this study were cast in polycrystalline form and without the inclusion of C, B, and HI', which are elements

that are typically present in commercially available Ren6 N6. The polycrystalline material increases the likelihood

of TCP formation in the microstructure due to the increased amount of high-energy grain boundary area and by pre-

cluding the formation of carbides, which ties up refractory elements.

All alloys were vacuum induction melted in argon starting with 100 g charges of high-purity melting stock. The

inductively stirred melts were then poured into a copper mold to obtain the cylindrical castings nominally 2 cm in

diameter by 4 cm long. All samples were fully homogenized at 1315 °C for 80 hr followed by an air cool. A second

exposure at 1093 °C for 400 hr was given to promote TCP precipitation in the superalloy microstructures. Back-

scattered electron scanning electron microscopy was performed on all aged microstructures to observe the changes

caused by aging. Image analyses of the microstructures were subsequently performed using a computerized image

analysis software package in order to determine total volume fractions of TCP phases. Several additional time-

temperature aging conditions at 871, 1093, and 1204 °C at times between 1 and 1000 hr were investigated on sev-

eral representative alloys to establish an expanded understanding of TCP precipitation kinetics.

The current work is an extension of the project first reported in reference 5 where TCP phase formation was

examined in third generation Ni-base superalloys through regression modeling. The previous investigation used a

44 alloy database (34 unique compositions plus l0 repeats of one composition) to determine the regression model.

Since then, seven new alloys were made to verify those results and it became apparent that remodeling using the

new 51 alloy database could possibly improve the previous result and those trials are presented in this paper. The

compositions of these new alloys are listed in table I in atom percent. A design-of-experiments (DOE) was set up to

quantify the linear and pairwise interactive effects of A1, Co, Cr, Mo, Re, Ta, and W in an 8-component superalloy
(Ni-base Ren6 N6 without C) on the resultant amount of TCP phase. Regression equations were developed froma

single temperature and time combination of 1093 °C for 400 hr in order to predict TCP precipitation in the alloys

after aging and to empirically investigate specific element contributions to TCP in the microstructures. The DOE

investigated a range of elements included at either their low or high limit as defined by the patent (tel\ 6). The

alloys had the following composition ranges in atomic percent: Co 10.61 to 16.73 percent, Mo 0.32 to 1.34 percent,
W 1.85 to 2.52 percent, re 1.80 to 2. I 1 percent, Ta 2.36 to 3.02 percent, A! 11.90 to 14.75 percent, and Cr 3.57 to

6.23 percent.

TABLE I.--COMPOSITION OF MODEL

VERIFICATION ALLOYS (a/o)

AIIo_' AI Co Cr Mo Re Ta W Ni
VI 14.9 16.7 6.3 0.3 2.1 2.4 1.9 55.5

V2 14.9 16.7 6.3 1.3 1.8 2.4 1.9 54.8

V3 11.9 16.7 6.3 0,3 1.8 3.0 2.5 57.4

V4 14.9 10.6 6.3 0.3 2.1 3.0 2.5 60,3

V5 14.9 16.7 6.3 1.3 1.8 3.0 2.5 53.4

V6 11.9 16.7 3.6 0.3 2.1 2.4 2.5 60.5

V7 11.9 10.6 3.6 1.3 2.1 3.0 1.9 65.6

Results and Discussion

Aged microstructures

The aging condition of 1093 °C for 400 hr was the baseline aging condition used for modeling composition

effects. The microstructures of the alloys fell into three groups based on the TCP distribution. Group I alloys con-

tained no TCP phasc, Group 2 was comprised of alloys where TCP formed exclusively at the grain boundaries, and

Group 3 alloys formed TCP at the grain boundaries as well as within grains. Group 2 alloys could be broken down

into two categories: 2a where the TCP formed in a random distribution along grain boundaries and 2b where the

TCP tended to form in a cellular fashion. Group 3 was subdivided into three categories based on the form of TCP

phase within the grains: 3a (isolated needles), 3b (interconnected needles), and 3c (abundant-random).
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Examples of these microstructures can be lbund in figures 1 to 3 as well as in reference 5. Figure 4 shows how the

assigned categories have a general correlation with TCP volume percent, as expected. Figure 4 also indicates that

there is certainly some overlap between the subtle group designations, however, categorization is still believed to

be useful because a significant distinction does exist between the major groups.

Transmission electron microscopy identified the TCP present as both tetragonal o" and orthorhombic P phases.

Although quantitative measurements were not made in sufficient detail, X-ray diffraction results indicate that P is

the majority phase. Because o and P have very closely related crystal structures and compositions, they could not

be distinguished by backscattered electron contrast.

(a) (b)

¸j¸if¸ii !

Figure 1 .--TCP phase occurrence in (a) Group 2a and (b) Group 3b alloys. TCP is the white phase, y is light

gray, and y' is dark gray.
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Figure 2.--Microstructural evolution as a function of time and temperature for Group 2b (cellular grain

boundary precipitate).
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Figure 3._Microstructural evolution as a function of time and temperature for Group 3c (abundant/random
precipitate).
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Figure 4.--Classification of alloy microstructure
relationship to TCP volume percent.

18

Regression modeling

Certain elements or combinations of alloying elements are more potent than others in forming TCP. It is situa-

tions such as these where DOE strategies are valuable as they employ muitivariable regression models to accurately

quantify both the simple linear and complex interactive effects of the alloying elements. The measured volume per-
cent of TCP in all alloy microstructures was the dependent variable while the levels of the individual elements in the

alloys (in atomic percent) were the independent variables. The volume percent of TCP was transformed by a square

root function to accommodate the fact that TCP response values were more reproducible at lower volume percent

than they were at the higher volume fractions near 15 percent. The model would be of the lorm
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(TCP phase) I/2 = 13o+ [3IXI + _2X2 +...

[312XiX2 + 1313XIX3+...

where X 1 and X 2 are primary/linear effects and X IX 2 and X IX 3 are interactive effects of alloying element levels on

TCP formation with X 1 {1 = 1..... 7) = AI, Co, Cr, Mo, Re, Ta, W. Table II summarizes the three models that have been

developed in this study and contains the coefficients for all terms tound to be significant. Model 1 was presented

earlier (ref. 5) to describe the occurrence of TCP in the microstructure of third generation Ni-base superalloys. Since

the results of Model 1 were presented, seven new alloys were made to verify Model I. They are defined as V 1 to V7

in table I. Table III shows that Model I predicted six out of the seven verification alloys well although it did have

trouble with V5. Because of this one poor predictive occurrence, the seven new alloys were grouped with the origi-

nal 44 to increase the total database of alloys to 51. A second model, denoted Model 2, was generated from this

expanded database of 51 alloys and when compared to Model I, Model 2 still had all of the primary terms included

as significant with a few changes in the significance of the interactive terms. As evidenced in table III, Model 2

was able to predict slightly better than Model 1. It may seem striking, however, that the coefficient of W went from

+6.46 in Model 1 to -28.55 in Model 2. Again, such a simple comparison is not valid, however, as Model I also has

W involved in two interactions, Re*W and Ta*W, whereas Model 2 has W involved in only one interaction, AI*W,

but also a quadratic term, W*W = W 2. In addition, a word of caution must be issued when examining/comparing

the coefficients of the simple linear effects of the alloying elements for the purposes of assessing their potency. If an

alloying element is also involved in an interaction (e.g., Al*Co), then the linear effects of the variables involved in

the interaction are not unique. For example, the effect of AI changes depending upon the level of Co and vice versa.

A third model was then generated from the original 44 alloy database to determinc a simplified relationship. In this

case, a more strict statistical criteria was used than that which was chosen when arriving at Mt_el I. Specifically, all

terms for Model 3 had to be significant at the 95 percent level instead of only at the 90 percent level. Table II shows

that Model 3 is much simpler, with all of the primary effects still identified as statistically significant but only one

interactive effect, the Co*Re interaction. This simplified model can still describe 91 percent of the data (R 2 = 0.91 ).

Table III indicates that Model 3 predicts the seven verification runs fairly well.

TABLE II.--DOE RESULTS: COEFFICIENTS OF MULTIPLE

REGRESSION TERMS

Term Model I Model 2 Model 3 Tenu

Const. 16.34 23.3 -2.12 Co*Re

AI -I.02 -I .97 1.24 Cr*Mo

Co -2.27 -2.54 -I .32 Re*W

Cr -2.62 -2.07 0.43 Ta*W

Mo -3.82 -7.62 [.28 AI*W

Re I. I 1 37.93 -7.97 Mo*Ta

Ta -3.21 _0.18 0.94 Re*Re

W 6.46 -28.55 1.16 W*W

AI*Co 0.05 0.1)6

AI*Cr 0.21 0.17

AI*Mo 0.3 0.4

Model 1 Model 2 Model 3

0.8 0.87 0.68

0.26 0.22

-5.08

1.82

11.43

0.94

-12.58

5.56

R-" 0.95 0.96 0.91

Sy.._ 0.3 0.29 0.37

TABLE III.--PREDICTIONS OF TCP
VOLUME PERCENT IN

VERIFICATION ALLOYS

AIIo_' Model 1 Model 2 Model 3 Actual
+V 1 9,5+3.9 7.4_3,- 5,7+3,6 6.7

V2 I 1,7+4,3 9.0+_3,6 5.5+3,6 9,2

V3 0.5+-0.9 0,7+1,0 0,1+-0.5 0.7

V4 19.3+_5,6 19,2+--'_.2 18,2_+6.5 17.9

V5 38.4+_7,9 19.3+_5.2 14.7+__5.8 14.4

V6 0 0 0 0

V7 0 0.2_+0.5 0 11.3
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Figure 5.--Response surfaces showing the AI*Cr interactive effect on TCP volume percent.
(a) Model 1. (b) Model 2. (c) Model 3.

The predictive capabilities of each of these models changes depending on the predicted value itself. The for-
mula for the -95 percent confidence interval for a predicted TCP value is TCP + K(TCP) I/2 where K = 1.27, I. 19,

and 1.52 lbr Models 1.2, and 3 respectively. Model predictions and confidence intervals on those predictions are

valid within the ranges of the alloying element studied.
Figure 5 shows an example of how the three models predict TCP volume percent differently for one specific

combination of elements, Cr and AI, where the elements not included in the plot were held at their midrangc value.

Note, however, that all three models show the same general shape of response surface and similar behavior. The

response surfaces in this figure illustrate a very strong AI*Cr interaction for Models I and 2 Where at low Cr, the

effect of AI is relatively mild, however, at high Cr the effect is much stronger. It should be noted that the response

surfaces arc curved because the data was square root translormed. With such steep curves of Models 1 and 2 extrap-

olation could bc problematic.

The three models were also compared to sec how well they predicted TCP volume percent in several first, sec-

ond, and third generation commercial superalloys. The expected amounts of TCP indicated in table IV for each alloy

arc estimates that were extracted from the literature for each of the alloys after exposure at 1093 °C tor 400 hr. It is

important to note that all three models were generated from a database of alloys based on Ren6 N6 composition so

they should only bc expected to successfully predict third generation superalloys accurately.

Table IV shows that all three models predicted the third generation alloys correctly. However, Model 1 did have

trouble with second generation alloys CMSX-4 and Ren6 N5 which is not surprising since those alloy compositions

arc far outside of the experimental design space. Model 2 predicted the commercial alloys well across all three gen-

erations, most likely because of the large number of terms that are fitting the data and because the compositional

design space was expanded to accommodate the seven verification alloys. Like Model 1, Model 3 gave a poor

prediction lor Rcn6 N4, CMSX-4, and Ren6 N5 because their compositions were not close enough to a third genera-

tion superalloy composition, thereby making accurate extrapolations difficult. Model 3 does have an advantage,

however, because it shows that a simple model can predict third generation alloys accurately. Although Ti is not

included in any of the models, it was assumed and treated to behave similar to Ta where applicable.

NASA/TM--1999-209277 6



TABLE IV.--PREI)ICTION OF TCP VOLUME PERCENT IN
COMMERCIAL ALLOYS

Alloy Generation Model 1 Model 2 Model 3 Estimated
TCP

CMSX-10 3 rd 0 0.1--+0.4 0 ~1

Rend N6 3 "L 1.8+1.7 1.1_+1.2 1.6+1.9 ~0

Rend N5 2 '_' 24.4+6.3 0 29.6+8.3 0 --+ I

Rend 162 2 '_' 2,8+2. I 0.8_+1.1 1.5+1.9 0 --+ I

CMSX-4 2 "J 7.6+3.5 0 14.9_+5.9 0 --+ I

Rend N4 I _' 0,3+0.7 0 67.8-+12.5 0

CMSX-4® and CMSX-10® are trademarks of the Cannon M uskegon

Corporalion,

All three models represented the experimental design space well. The next modeling iteration will be a hybrid
of Model 2 and Model 3 in an effort to capture the most attractive features of each. Model 4 will be generated from

the 51 alloy database used to build Model 2 with the more strict statistical criteria that was used for Model 3.

Microstructural Dependence on Time/Temperature Combinations

Alloys from each group (I, 2a, 2b, 3a, 3b, 3c) were selected for more in-depth analysis of the kinetics of TCP

precipitation. The group designations tor these alloys were originally assigned based on their microslructures after

aging at 1093 °C tor 400 hr. Such groupings may not be accurate across all time and temperature combinations but

were not changed in order to maintain consistent definitions for the individual alloys. Specimens were exposed at

871, 1093, and 1204 °C for times ranging from 1 to 1000 hr. The alloys that were originally classified as Group 1
remained stable across all time/temperature combinations. Figure 6 indicates that 871 °C induces TCP to form at the

grain boundaries alter long exposure for Group 2 and Group 3 alloys. Figure 2 shows the microstructural evolution

over time of a Group 2b alloy (cellular grain boundary precipitate) at both 1093 °C and 1204 °C. At both tempera-

tures TCP phase precipitation at the grain boundaries occurs after just I hr with an accompanying coarsening of _"

at the boundary. Alter 1093 °C for 25 hr, the cellular structure has grown significantly to -10 !am in thickness and
alter 400 hr continual coarsening is evident. At 1204 °C, similar trends are seen in comparison to 1093 °C although

the rate of coarsening is much more rapid. Figure 3 shows the microstructural evolution over time for a Group 3c

alloy (abundant/random precipitate) which exhibited the greatest propensity for TCP phase of all of the alloy group

types. Alter only I hr at both 1093 and 1204 °C the cellular condition at the grain boundary is apparent. After 25 hr
the cellular structurc continues to grow and TCP needles start to grow within the grains. After 400 hr the TCP

needles are fully connected and broken down to the abundant/random condition for both temperatures.

(a) (b)

Figure 6.--TCP occurs in the grain boundary at 871 °C. (a) Group 2a for 1000 hrs, (b) Group 3b for 1000 hrs.
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Figure 7.--Time-Temperature-Transformation diagrams for precipitation of TCP phase. (a) Grain boundary
precipitation. (b) Within the grain interior.

Based on the microstructures resulting from the kinetic experiments given in figures 2 and 3, time-temperature-

transformation (TTT) diagrams were generated to show how the TCP phases were precipitating at both the grain

boundaries and within the grains. These diagrams were generated for each of the microstructural group types

(Groups 1, 2a, 2b, 3a, 3b, 3c). It is important to remember that the propensity for TCP phase in the microstructure

increases with increasing group numbers as was shown earlier in figure 4. Figures 7a and b show the TIT diagrams

for grain boundary TCP phase precipitation and TCP phase precipitation in the grain interior, respectively. Each

curve was constructed from experimental data points which are omitted on the diagrams for simplicity.

Group I alloys were stable across all time/temperature combinations and thus are not shown in figure 7. Figure 7a

shows that for grain boundary precipitation a greater propensity for TCP in the alloy pushes the knee of the curve

to higher temperatures and lower time. This is consistent with the observations in reference 7 where similar trends

were seen with increasing Re content. Figure 7b shows that for TCP occurrence in the grain interiors, a greater pro-
pensity for TCP in the alloy pushes the knee to shorter times. However, the temperature of the knee did not change

as dramatically as what was observed for precipitation at the grain boundaries. Specifically, the temperature of the

knee for the Group 2b curve was expected to be lower and align more closely with the Group 3a curve which

prompts the need for unore experiments to investigate this discrepancy. By comparing the TIT curves for grain

boundary precipitation to that for within-grain precipitation, it can be seen that the temperature of the knee

for both curves is about the same. The major difference between the two curves is that the grain boundary curve is
shifted to much shorter times.

Polycrystalline Behavior as an Approximation for Single Crystal Stability

One potential criticism lor this work is that polycrystais are used to study single crystal behavior. However, this

is not viewed as a major problem for several reasons. First, based on phase diagram theory, the equilibrium amount

of TCP in the microstructure should be independent of the presence of grain boundaries. Second, although the

kinetics of precipitation are clearly faster than that for transgranular precipitation, the shapes and positions of the

two TIq" curves are quite similar for a given alloy. Third. the accuracies of the regression models were equally good

whether the alloy was in Group 2 (grain boundary TCP only) or 3 (TCP at the grain boundaries as well as within the

grains). Finally, the regression models were not strongly affected by grain boundary TCP because the volume per-

cent of TCP at the grain boundaries was always lower than one percent.

NAS A/TM-- 1999-209277 8



Conclusions

An approach based on a statistical DOE was conducted to empirically describe TCP phase instability as a
function of chemical content in advanced Ni-base superalloy Ren6 N6. Ni-base superalloy microstructures are

highly dependent on chemical composition and even slight variations in starting alloy composition can produce a

wide range in the propensity to form TCP phases. Regression modeling is a useful tool for predicting the contribu-

tion of individual elements to superalloy instability within a given design space. However, extrapolation may be

problematic.
Kinetics experiments explored the conditions where TCP phases precipitated. The time and temperature data

gathered showed that TCP precipitation at the grain boundaries always precedes precipitation within the grains

and that the knee of the qTT diagrams tends to move to shorter times and higher temperatures in alloys with greater

propensity for TCP formation.

References

1. Decker, R.F., and Sim, C.T.: "The Metallurgy of Nickel-Base Alloys," The Superalloys, ed. Sims and Hagel,

1972, 33.

2. Woodyatt, L.R., Sims, C.T., and Beattie, H.J.: "Prediction of Sigma-Type Phase Occurrence from Compositions

in Austenilic Superalloys," Trans. Met. Soc. AIME, 236 (1966), 519.

3. Yukawa, N., et al.: "High Performance Single Crystal Superalloys Developed by the d-Electrons Concept."

Superalloys 1988, 1988, 225.
4. Walston, W.S., et al.: "Ren6 N6: Third Generation Single Crystal Superalloy," Superalloys 1996, ed. Kissingcr,

Deye, Anion, Cetel, Nathal, Pollock, and Woodford, 1996, 27.
5. Ritzert, F.J., et al.: "The Effect of Alloying on Topologically Close Packed Phase Instability in Advanced

Nickel-Base Superailoy Ren_ N6," (Report NASA/TM-206622, Lewis Research Center, 1998).
6. Walston, W.S., el al.. U.S. Patent Number 5,270,123, December 14, 1993.

7. Chin, S. and Duhl, D.N.: "Evaluation of Advanced Single Crystal Superalloy Compositions," Final Report

NADC 78120-60, 1980.

NASA/TM-- 1999-209277 9



Form Approved
REPORT DOCUMENTATION PAGE

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,

i galhering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect Of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate lot Information Operations and Reports. 1215 Jefferson

Davis Highway, Suite 1204. Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Pro}ect (0704-0188). Washington. DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

July 1999 Technical Memorandum

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Investigation of the Formation of Topologically Close Packed Phase

Instabilities in Nickel-Base Superailoy Ren6 N6

6. AUTHOR(S)

Frank Ritzert. Dennis Keller, and Vijay Vasudevan

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

John H. Glenn Research Center at Lewis Field

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Washington. DC 20546-(XX) 1

WU-523-21-13-(K)

8. PERFORMING ORGANIZATION

REPORT NUMBER

E-I1737

10. SPONSORIN_MONITORING

AGENCY REPORT NUMBER

NASA TM--1999-209277

11. SUPPLEMENTARY NOTES

Prepared for the Annual Meeting sponsored by The Minerals, Metals, and Materials Society, San Diego, California,

February 28--March 4, 1999. Frank Ritzert, NASA Glenn Research Center: Dennis Keller, RealWorld Quality Systems,

Inc., Rocky River, Ohio 44116: and Vijay Vasudevan, University of Cincinnati, Cincinnati, Ohio 45221. Responsible

person, Frank Ritzert, organization code 5120. (216) 433-8199.

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited

Subject Category: 26 Distribution: Nonstandard

This publication is available from the NASA Center lot AeroSpace Information. (301) 621-0390.!

13. ABSTRACT (Maximum 200 words)

12b. DISTRIBUTION CODE

Topologically close packed (TCP) phase instability in third generation Ni-base superalloys is understood to hinder com-

ponent performance when used in high-temperature jet engine applications. The detrimental effects on high temperature

performance from these brittle phases includes weakening of the Ni-rich matrix through the depletion of potent solid

solution strengthening elements. Thirty-four compositional variations of polycrystalline Ren6 N6 were defined from a

design-of-experiments approach and then cast, homogenized, and finally aged to promote TCP formation. Our prior work

reported on the results of the multiple regression modeling of these alloys in order to predict the volume fraction of TCP.

This paper will present further regression modeling results on these alloys in order to predict the occurrence of TCP in

third generation Ni-base superalloy microstructures. Kinetic results are also discussed.

14. SUBJECT TERMS

Superalloy; Nickel; Instability

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

NSN 7540-01-280-5500

18. SECURITY CLASSIFICATION

OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

15. NUMBER OF PAGES

15
16. PRICE CODE

Ao3
20. LIMITATION OF ABSTRACT

Standard Form 298 (Roy. 2-89)
Prescribed by ANSI Std. Z39-18
298-102


